The IL-21 receptor (IL-21R) is a newly discovered member of the class I cytokine receptor family (1, 2). The receptor shows significant sequence and structural homology with the IL-4Rα chain and is adjacent to the IL-4Rα in the human and mouse genomes, while its ligand, IL-21, shares significant homology with the cytokines IL-2, 4) . IL-21 and IL-21R are thus newly described members of the γ chain-dependent cytokine network because of their homology with cytokines and receptors that require the γ chain for functional signaling (5). Because all members of the γ chain network exhibit important and unique roles in host immunity, there has been growing interest in dissecting the novel functions of the IL-21R during antigen-triggered immune responses in vivo.
Introduction
The IL-21 receptor (IL-21R) is a newly discovered member of the class I cytokine receptor family (1, 2) . The receptor shows significant sequence and structural homology with the IL-4Rα chain and is adjacent to the IL-4Rα in the human and mouse genomes, while its ligand, IL-21, shares significant homology with the cytokines IL-2, IL-4, and IL-15 (3, 4) . IL-21 and IL-21R are thus newly described members of the γ chain-dependent cytokine network because of their homology with cytokines and receptors that require the γ chain for functional signaling (5) . Because all members of the γ chain network exhibit important and unique roles in host immunity, there has been growing interest in dissecting the novel functions of the IL-21R during antigen-triggered immune responses in vivo.
Initial studies examining its function showed that IL-21 antagonizes NK cell expansion, yet it promotes antigen-specific T cell immunity including antitumor immunity (6) (7) (8) , findings that suggested IL-21 can bridge innate and adaptive immune responses (9) . IL-21 also regulates B cell and CD8 + T cell function in vivo (10) (11) (12) (13) (14) (15) . Additional studies suggested that IL-21 is a Th2 cytokine that can inhibit the differentiation of naive Th cells into IFN-γ-secreting Th1 cells (16) . Indeed, exogenous treatment with IL-21 potently inhibited IFN-γ production without affecting other Th1/Th2-associated cytokines, suggesting that the repression of IFN-γ by IL-21 is highly specific. Thus, by virtue of its ability to suppress the development of Th1 cells, it was hypothesized that IL-21 might promote Th2 responses (16) . Nevertheless, the involvement of the IL-21R signaling pathway in Th2 response development was not previously investigated in any Th2-dependent disorder.
In schistosomiasis, Th2 cytokines play an indispensable role in the pathogenesis of the disease (17, 18) . Indeed, IL-4/IL-13-, IL-4Rα-, and Stat6-deficient mice all show significantly impaired granuloma formation and liver fibrosis following infection with Schistosoma mansoni (19) (20) (21) (22) . Given the recent classification of IL-21 as a Th2 cytokine (16, 23) , the striking similarities between the IL-4 and IL-21 receptors (3, 4) , and the critical role of the related IL-4Rα/Stat6 signaling pathway in this disease as well as in other Th2 cytokine-driven inflammatory disorders (24) , an important question evolving from these studies was whether IL-21R signaling was playing a significant role in the initiation and/or maintenance of Th2 immunity.
To investigate the regulation and function of the IL-21R in vivo, several different experimental systems of Th2-dependent inflammation were examined, including models of pulmonary and hepatic inflammation as well as an experimental model of nematode infection (18, 25) . In each case, the immune responses of WT animals were compared with IL-21R-deficient mice (10, 26) . The data demonstrated that the development of Th2-associated pathology was significantly reduced when IL-21 signaling was blocked. IL-21 also increased IL-4/IL-13 receptor expression and arginase activity in macrophages. The combined results from these studies revealed an important role for the IL-21R in Th2-driven inflammation and fibrosis. They also showed that IL-21 promoted the development of alternatively activated macrophages, thus providing a likely mechanism for the reduced Th2-dependent pathology in chronically infected IL-21R -/-mice.
Results

Regulation of IL-21 and its receptor during Th1-and Th2-polarized responses.
In comparison to IL-21 (16, 27) , little is known about the regulation and function of the IL-21R. To determine whether IL-21 and its receptor are regulated during a pathological Th2 response in vivo, we used the S. mansoni model of granuloma formation, in which Th2 cytokines are known to play a prominent role in lesion formation (18) . In initial studies, we sought to determine whether IL-21 and IL-21R mRNA expression was linked with polarized Th2 cytokine responses in vivo. To do this, we used mice that develop highly exaggerated Th1 (IL-4 -/-IL-10 -/-) or Th2 (IL-12 -/-IL-10 -/-) cytokine responses following exposure to S. mansoni eggs. In IL-4 -/-IL-10 -/-Th1 mice, IFN-γ mRNA expression increased in the lung 75-fold over baseline by day 4 after challenge and remained approximately 50-fold above background levels through day 14 ( Figure 1A ). IL-13 mRNA was not detectable in these mice at any time point, confirming the establishment of a highly polarized Th1 inflammatory response. In contrast, the IL-12 -/-IL-10 -/-Th2 mice displayed a 200-to 250-fold increase in IL-13 mRNA at all time points after challenge, with little to no change in IFN-γ. In contrast to the Th1/Th2 cytokines, which displayed a highly polarized pattern of expression, IL-21 was not associated with a polarized phenotype ( Figure 1B) . In both groups, IL-21 mRNA levels increased at least 50-fold over baseline following challenge with schistosome eggs, although the increase observed in the Th1-polarized mice was on average 3-to 4-fold greater than the Th2-polarized animals ( Figure 1B ). IL-21R was also not specifically associated with a Th1 or Th2 immune response. However, in contrast to IL-21, which was more pronounced in Th1-skewed animals, the maximal response for the IL-21R was observed in the Th2-polarized mice.
Th2 cytokine production is reduced in the lungs of IL-21R-deficient mice. Based on the significant elevation in IL-21R expression in mice challenged with schistosome eggs (Figure 1 ), we next examined whether IL-21R signaling was influencing the development of the Th2 response. In these experiments, naive WT and IL-21R -/-mice were injected i.v. with live schistosome eggs, and the production of Th2 cytokines and Th2-regulated genes was monitored in the lung, spleen, and draining lymph nodes over the following 14 days. In WT mice, IL-21R mRNA expression increased rapidly following egg exposure and remained elevated through day 14 after challenge ( Figure 2A ). IL-21 showed a similar profile, with peak expression occurring on day 7 and then declining slightly thereafter. Notably, there was a consistent and highly significant decrease in IL-21 expression on days 7 and 14 in the IL-21R -/-mice, suggesting that IL-21R was positively influencing the expression of its own ligand. Consistent with previous observations (28, 29) , expression of the Th2-associated cytokines IL-4 and IL-13 rose gradually in the granulomatous tissues of WT mice, with 5-to 15-fold increases detectable by day 14. In contrast, there was a marked and significant decrease in IL-4 and IL-13 mRNA expression in the IL-21R -/-tissues. Although little change in IFN-γ and IL-10 mRNA was detected in WT mice between days 4 and 14 after challenge, production of IFN-γ and IL-10 also decreased slightly in the IL-21R -/-animals. Thus the reduced Th2 response observed in the IL-21R -/-mice was not associated with increased Th1 cytokine production. In contrast to the granulomatous tissues, however, significant Th2 cytokine production was observed in lymph node and splenocyte cultures following in vitro stimulation with soluble egg antigen (SEA) or mitogen (concanavalin A [Con A]; Figure 2B ). In fact, SEA consistently stimulated stronger IL-5, IL-10, and IL-13 responses in the lymph node cultures prepared from IL-21R -/-mice. Nevertheless, consistent with the reduced Th2 response in the lung, a more rapid resolution of granuloma formation was observed in the IL-21R -/-animals ( Figure 2C ). In addition, we observed a marked decrease in several genes associated with alternatively activated macrophages (30) (31) (32) (33) , providing further evidence of an overall reduction in the in vivo Th2 effector response in IL-21R -/-mice ( Figure 2D) .
The Th2 response is reduced in IL-21R -/-mice following Nippostrongylus brasiliensis infection. To determine if the reduced Th2 effector response was specific to S. mansoni pulmonary granuloma formation, we infected WT and IL-21R -/-mice with the intestinal nematode Nippostrongylus brasiliensis. Infection was established by inoculating third-stage larvae under the skin. As the parasites mature, they migrate from the site of inoculation and enter the lungs via the circulatory system. Once inside the lungs, the parasites trigger a vigorous and highly polarized Th2 response (34) , which was confirmed by analyzing the expression of several Th2-associated genes in the lung ( Figure 3A ) and in lung-associated lymph nodes ( Figure 3B ). The lungs and lymph nodes of WT mice displayed marked increases in IL-4, IL-13, acidic chitinase (AMCase), found in inflammatory zone-1 (FIZZ1; also referred to as RELMα), and Ym1 mRNA expression following N. brasiliensis infection (Figure 3 , A and B). However, in agreement with the pulmonary granuloma model, we observed significantly reduced levels of IL-4, IL-13, and AMCase and slightly reduced levels of Ym1 and FIZZ1 mRNA in the lungs of the IL-21R -/-mice ( Figure 3A) . The draining lymph nodes displayed a similar reduction, although the decreases in Ym1 and FIZZ1 were more significant in the lymph nodes (Figure 3B ). The only other major difference between the 2 tissues was the AMCase mRNA response, which appeared to be restricted to the lung. Together, these data confirm an important role for the IL-21R in Th2 response development in vivo. Notably, how-
Figure 2
Th2 cytokine production is reduced in the lungs of schistosome egg-challenged IL-21R -/-mice. Groups of naive WT (white bars) and IL-21R -/-mice (gray bars) were i.v. challenged with live S. mansoni eggs and sacrificed on days 4, 7, and 14 after challenge. (A) RNA was prepared from lung tissues and analyzed individually (n = 5 per group/time point) by real-time RT-PCR. The top and bottom of the boxes indicate the seventy-fifth and twenty-fifth percentiles, respectively; the line within the box indicates the fiftieth percentile; and the top and bottom whiskers indicate the ninetieth and tenth percentiles, respectively, of the tested samples. ND, not detected. *P < 0.05, **P < 0.01, ***P < 0.001 versus WT. (B) Spleens (Spl) and lung-associated lymph nodes (LALN) were each pooled (2 separate groups, 3-4 mice per group), and single-cell suspensions were assayed for IL-5, IL-10, IL-13, and IFN-γ after a 72-hour incubation in the presence of Con A (1 mg/ml) or SEA (20 mg/ml). Results are mean ± SEM. Cytokines were below the level of detection in unstimulated cultures. (C) Granuloma size (volume, mm 3 × 10 -3 ) and the percentage of eosinophils in granulomas were quantified microscopically. (D) Real-time PCR analysis of Th2-regulated inflammatory genes in granulomatous lung tissue. All data are representative of at least 2 separate experiments.
ever, despite developing a markedly attenuated Th2 response, the N. brasiliensis-infected IL-21R -/-mice displayed no significant delay in adult worm expulsion (data not shown).
Th2 cytokine-driven inflammation is diminished in the lungs of IL-21R -/-mice.
We also examined whether the IL-21R modulates the development of secondary Th2 responses. For these experiments, WT and IL-21R -/-mice were sensitized with S. mansoni eggs and challenged i.v. 2 weeks later. As expected, the sensitized mice developed a robust granulomatous response that was 4-to 5-fold greater ( Figure 4C ) than the primary challenge animals ( Figure 2C ). As observed in the primary model, there was a significant increase in IL-21 and IL-21R mRNA in the lungs following egg exposure, although the IL-21 response peaked much earlier during the secondary challenge. IL-21R was only modestly increased when compared with IL-21 although it remained significantly elevated at both time points, while IL-21 mRNA levels declined after reaching a peak on day 4 ( Figure 4A ). Thus, there was evidence of tighter regulation of the ligand in the tissues. We also noted a remarkable decrease in IL-21 expression in the IL-21R -/-mice, confirming a potent feedback mechanism between the receptor and its ligand. Among the Th2-associated cytokines, IL-13 showed the most robust response, displaying a 50-to 100-fold increase over baseline in WT mice. However, it was reduced to 10-to 20-fold above background in the IL-21R -/-mice, demonstrating that the IL-21R is required for maximum development of the secondary Th2 response. Again, the reduction in Th2 cytokine expression in IL-21R -/-mice was not accompanied by a significant increase in IFN-γ. In fact, IFN-γ mRNA expression decreased in the lungs of the IL-21R -/-mice. Nevertheless, the knockouts displayed a modest but consistent increase in IFN-γ production in the lymph nodes and spleen, suggesting a greater inhibition of the Th2 cytokines overall ( Figure 4B ). Consistent with the primary egg challenge model, the reduction in Th2 and Th1 cytokine production was more pronounced in the granulomatous tissues ( Figure 4A ), although the SEA-induced Th2 response was also partially reduced in the spleen ( Figure 4B ). The significant reduction in secondary granulomatous inflammation was consistent with the development of a weaker Th2 response in the lung ( Figure 4C ). In addition, we observed a marked decrease in FIZZ1, Ym1, and AMCase expression ( Figure 4D ), further confirming a significant impairment of secondary Th2 effector responses in the IL-21R -/-mice.
IgG Abs, peak granuloma size, and Th2 cytokines are all reduced in S. mansoni-infected IL-21R-deficient mice. To determine whether IL-21 signaling is required for the maintenance of a chronic Th2-dominated response, we exposed animals percutaneously to S. mansoni cercariae and analyzed their pathological reactions and immune responses at both acute and chronic time points after infection. As observed in the pulmonary granuloma studies, there was a marked upregulation in IL-21R and IL-21 mRNA expression in the livers of infected WT mice. In contrast, IL-21 mRNA was almost undetectable in the IL-21R -/-mice even after chronic infection ( Figure 5A ). At the acute stage of infection, the IL-21R -/-mice also manifested a marked reduction in Th2 cytokine mRNA expression ( Figure 5A ). However, the changes were again restricted to the granulomatous tissues because the lymph node and splenocyte responses of both groups were similar following in vitro stimulation with parasite antigens ( Figure 5B ). The only consistent difference we noted in the in vitro assays was a 2-to 3-fold decrease in IL-5 and IL-10 production in the splenocyte cultures. The IL-21R -/-mice also developed significantly smaller granulomas at the acute stage after infection ( Figure 5C ), which was consistent with the reduced IL-4 and IL-13 responses in the liver (Figure 5A ). However, this was not accompanied by any obvious change in the percentage of eosinophils in the granulomas ( Figure 5C ). A more detailed microscopic analysis of the lesions confirmed that there was no detectable change in the overall composition of the granulomas ( Figure 6A ). We also examined whether IL-21R deficiency was specifically affecting the recruitment of CD4 + T cells to the granulomatous tissues. To address this issue, the pulmonary granuloma model was used so we could better synchronize the recruitment of inflammatory cells. Consistent with the histological evaluations of liver granulomas (Figure 6A ), the percentage of CD4 + T cells in the lungs increased approximately 2-fold after
Figure 3
The Th2 response is impaired in N. brasiliensis-infected IL-21R -/-mice. Lungs (A) and lung-associated lymph nodes (B) were removed on day 7 from individual N. brasiliensis-infected and untreated C57BL/6 or IL-21R -/-mice (n = 5 per treatment group). RNA was isolated and cDNA was generated as described in the legend to Figure 2 . mRNA was analyzed individually for IL-13, IL-4, AMCase, Ym1, and FIZZ1 by real-time quantitative PCR. Fold changes are based on comparisons of infected mice to naive animals. The experiment was repeated with similar results. *P < 0.05, **P < 0.01, ***P < 0.001 versus WT. egg exposure; however, the pattern was similar in both WT and IL-21R -/-mice ( Figure 6B ). Thus, changes in CD4 + T cell recruitment or expansion are unlikely to explain the decreased Th1/Th2 cytokine responses observed in the tissues. Instead, they appear to result from a more general reduction in the overall inflammatory response. Importantly, both groups effectively downmodulated their granulomatous responses by week 12 after infection (18). Consequently, there was no significant difference in granuloma size at the chronic time point ( Figure 5C ). We also detected minimal impairment in the Th2 cytokine response in the chronically infected knockout mice ( Figure 5A ). The marked reduction in FIZZ1 and Ym1 observed at the acute stage was also diminished in the chronically infected IL-21R -/-animals ( Figure 5D ). Nevertheless, expression of AMCase remained remarkably low at week 12, suggesting a sustained diminution of at least a subset of the Th2-driven responses in chronically infected IL-21R -/-mice. The IL-21R -/-mice were also examined for changes in serum Ab levels ( Figure 7 and Table 1 ). Consistent with their suppressed cytokine responses ( Figure 5A ), the IL-21R -/-mice displayed a marked reduction in parasite-specific IgG 1 (Th2-associated Ab) and IgG 2b (Th1-associated Ab) titers, which was maintained at the chronic time point ( Figure 7A) . Interestingly, however, this was not accompanied by any significant change in IgE (Figure 7B) , suggesting a selective impairment in only a subset of serum Ab isotypes. Exogenous IL-21 has been shown to inhibit IgE production (11) , which may explain the slight elevation of IgE in the chronically infected IL-21R -/-mice. Importantly, the overall reduction in Th2 responsiveness in the IL-21R -/-mice was not attributed to differences in parasite burden since similar numbers of eggs and paired adult parasites were found in the tissues of both groups at all time points (Table 1 ). Data shown are the combined results of 3 separate experiments conducted on week 9 and 2 performed on week 12. *P < 0.05, **P < 0.01, ***P < 0.001 versus WT.
IL-21R deficiency slows the progression of liver fibrosis.
Because Th2 cytokines are believed to play a major role in tissue fibrogenesis (17, 35) , we examined the development and progression of hepatic fibrosis in S. mansoni-infected IL-21R -/-mice. Liver hydroxyproline levels were assayed at various time points after infection as a direct measure of tissue collagen content. As expected, marked hepatic fibrosis was observed in the infected WT mice ( Figure 7C ). In contrast, the IL-21R -/-mice displayed significantly less fibrosis at both the acute and the chronic time points. Notably, by week 29 after infection the IL-21R -/-mice exhibited a greater than 50% decrease in total liver collagen content compared with WT mice (Figure 7D ), thus confirming an important and indispensable role for the IL-21R in the progression of Th2-dependent fibrosis.
We also examined whether an IL-21 inhibitor could slow the progression of fibrosis in infected WT mice. For these experiments, groups of C57BL/6 mice were treated with soluble IL-21R-Fc (sIL-21R-Fc) or control protein for a total of 5 weeks, starting at week 6 after infection, around the time when eggs are first detected in the liver. Although both groups had similar worm and tissue egg burdens (data not shown), mice receiving the IL-21 blocker displayed a greater than 50% reduction in hepatic fibrosis at the termination of the experiment ( Figure 7E ). IL-4 and IL-13 mRNA expression also decreased in the liver, and granuloma size was reduced approximately 15% (data not shown). Thus the data nicely compliment the experiments performed with IL-21R -/-mice.
IL-21 signaling promotes the development of alternatively activated macrophages.
Because arginase-1 (Arg-1), FIZZ1, and TGF-β1 have been linked with the development of fibrosis, and expression of several Th2/Stat6-regulated genes were reduced in the diseased tissues of IL-21R -/-mice (Figures 2-5) (30, 33) , we examined whether Arg-1, FIZZ1, and TGF-β1 were directly modulated in macrophages following stimulation with IL-21. Arg-1 and FIZZ1 are also wellknown markers of alternatively activated macrophages (33) . For these studies, bone marrow-derived macrophage cultures were generated and then stimulated with various combinations of IL-4, IL-13, and IL-21. As expected, IL-4 and IL-13 both increased Arg-1 and FIZZ1 mRNA expression, with an additive effect observed when the two stimuli were used in combination ( Figure 8A ). Notably, however, although IL-21 had no effect on either gene when used alone, cultures that were pretreated with IL-21 displayed highly significant increases in Arg-1 and FIZZ1 mRNA expression when subsequently stimulated with IL-4 and IL-13 ( Figure 8A ). The same combination also significantly increased the function of arginase in the cells, which was assessed by assaying the production of urea ( Figure 8B ). In contrast, IL-21 had no effect on the levels of total or active TGF-β1 in the culture supernatants (Supplemental Figure 1 ; available online with this article; doi:10.1172/ JCI27727DS1). Unexpectedly, we found that IL-21 treatment alone significantly increased the expression of IL-4Rα and IL-13Rα1 ( Figure 8C ). In contrast, IL-4 and IL-13 had no effect when used alone ( Figure 8C ), and there was no additional effect when the three stimuli were used in combination (data not shown).
Because the IL-13Rα2 can also influence IL-13-dependent signaling (32, 35, 36) , we also examined whether IL-21 regulates the production of the IL-13Rα2. Not surprisingly, because the IL-13Rα2 is primarily produced by nonhematopoietic cells like fibroblasts and smooth muscle (19, (38) (39) (40) , we found no evidence of decoy receptor regulation in our bone marrow-derived macrophage cultures (data not shown). However, when we examined the regulation of the decoy receptor in vivo, IL-21 downregulated IL-13Rα2 mRNA expression in the lungs of i.v. egg-challenged mice and significantly decreased the levels of the sIL-13Rα2 in their serum ( Figure 8D ). Together these data suggest that IL-21 contributes to the development of alternatively activated macrophages by upregulating the Th2 IL-4R (signaling receptor) in macrophages and by simultaneously decreasing the levels of the sIL-13Rα2 (decoy receptor) in the serum. Both mechanisms likely contributed to the increased activation of Arg-1 and FIZZ1 in the IL-4/IL-13-stimulated macrophages. As such, they provide an additional mechanistic explanation for the impaired Th2 responses and Th2-dependent fibrosis in the helminth-infected IL-21R -/-mice.
Discussion
IL-21 was recently characterized as a Th2 cytokine that can inhibit the differentiation of naive Th cells into IFN-γ-producing
Th1 cells (16) . Because the immune response in schistosomiasis evolves from an early IFN-γ to a sustained and dominant Th2 response (18), we examined the influence of IL-21R signaling on the development of helminth-induced Th2 responses. Infection of WT mice with S. mansoni increased IL-21 and IL-21R expression in the liver, confirming an association of IL-21 signaling with helminth-induced Th2 immunity. However, in the lung, schistosome eggs induced significant IL-21 expression during both Th1-and Th2-polarized responses. In fact, IL-21 expression increased the most when mice were polarized to a Th1 response. These data suggest that IL-21 exhibits a less restricted pattern of expression than that of the other Th2-associated cytokines. The receptor for IL-21 also failed to display a Th1/Th2-specific pattern. However, the IL-21R was induced nearly 4-fold more in the lungs of Th2-than in Th1-polarized mice, which provided one of the first indications that IL-21R signaling might be involved in the regulation of Th2-mediated inflammation.
To determine whether Th2 effector responses were compromised in the absence of the IL-21R, we examined the expression of several genes that are induced preferentially under Th2-polarizing conditions. These genes included AMCase, Ym1, and FIZZ1, all of which are thought to play important and nonredundant roles in the regulation of Th2-mediated inflammation (30-32, 36, 41) . Although some variation was observed during a primary, secondary, or chronic immune response, in each case the IL-21R -/-mice displayed highly significant decreases in these Th2-associated genes. Ym1 and AMCase are members of a family of proteins that share homology with chitinases of lower organisms (30) . Although their exact function in host immune reactions remains uncertain, they are thought to play important roles in eosinophil chemotaxis, tissue remodeling, and fibrosis. Indeed, a recent study showed that AMCase neutralization could ameliorate allergen-driven inflammation and airway hyperresponsiveness, thus suggesting the participation of mammalian chitinases in Th2 immunity (31) . FIZZ1 is also associated with tissue fibrogenesis (36, 42) . Consequently, a major function of the IL-21R may be to regulate the mechanisms of wound healing and fibrosis. Therefore, in addition to its participation in helminth-induced immune responses, the IL-21R may be involved in the regulation of a variety of Th2-mediated inflammatory disorders.
In schistosomiasis, IL-21R deficiency had a profound effect on the progression of the disease. Although infection intensities were the same in WT and IL-21R -/-mice, the egg-induced inflammatory response decreased significantly in the absence of the IL-21R. We also observed a marked reduction in secondary granuloma formation and a faster resolution of primary granulomas in the lung. Together, these data illustrate an indispensable role for the IL-21R in granulomatous inflammation. As previous studies showed that IL-4 and IL-13 are essential for lesion formation (19), we therefore hypothesized that the IL-21R was either directly or indirectly affecting the activity of these cytokines. We knew that IL-21 was not acting alone, since extremely high levels of IL-21 were observed in IL-4/IL-10 double-knockout mice, yet granuloma formation was almost completely ablated in these Th2-deficient animals (43, 44) . Thus, IL-21 appears to collaborate with IL-4 and IL-13 to induce a maximal response. We also observed no detectable change in the cellular composition of the granulomas in IL-21R -/-mice and no specific impairment in CD4 + T cell recruitment. Together, these findings suggested that the IL-21R regulates the development of parasite-induced pathology by modulating the overall intensity of the Th2 effector response.
IL-21 is not thought to regulate IL-4-induced Th2 cell differentiation directly (11, 16) . Instead, it was hypothesized in a recent paper that IL-21 might amplify Th2-driven responses by downregulating the expansion of IFN-γ-producing Th1 cells (16) . As such, we theorized that the IFN-γ response in schistosome-infected mice might increase in the absence of the IL-21R. Although a small increase was observed in lung-associated lymph nodes in vitro, IFN-γ production was consistently reduced in the granulomatous tissues. Thus, there was almost no evidence from our studies that the endogenous IL-21R was critically involved in the inhibition of IFN-γ production during helminth infection. Instead, the IL-21R -/-mice simultaneously generated weaker Th1 and Th2 cytokine responses in the tissues. The significant reduction in IgG 2b (Th1-associated) and IgG 1 (Th2-associated) Ab titers at all times after infection supports this conclusion. Th2 cytokines were also decreased at the mRNA level in both the lungs and the lymph nodes following N. brasiliensis infection. Indeed, all of the direct ex vivo data confirmed a marked reduction in Th2 cytokine expression and function within the affected tissues. Nevertheless, there was no consistent reduction in Th2 cytokine production by isolated lymphocytes following antigen restimulation, which suggests the IL-21R -/-mice are capable of generating significant Th2 responses, at least in vitro. We therefore conclude that the IL-21R is selectively augmenting Th2 responses in vivo. In addition to promoting the Th2 response, the IL-21R also increased IL-21 production. Thus, the IL-21R appears to operate in an autocrine fashion to drive Th2 cytokine expression and Th2 effector functions in vivo.
To further elucidate the mechanisms involved, we also examined whether IL-21 was directly modulating macrophage function, because our in vivo data showed a marked reduction in several genes that have been associated with the "alternatively activated" phenotype (33, 45) . Macrophages and fibroblasts exhibiting an alternatively activated phenotype are major cellular constituents of schistosome granulomas, and functional studies suggested they are critically involved in the progression of the disease (46) . Indeed, an important study by Brombacher et al. showed that mice that are completely deficient in alternatively activated macrophages develop lethal egg-induced pathology following infection with S. mansoni (47) . In addition, because macrophage-derived TGF-β1 has been implicated in the mechanism of IL-13-mediated fibrosis (48, 49) , we examined whether IL-21 was modulating TGF-β1 production in macrophages. To investigate these issues, we measured Arg-1 and FIZZ1 mRNA, arginase activity, and TGF-β1 protein responses in bone marrow-derived macrophages following stimulation with various combinations of IL-21, IL-4, and IL-13. Arg-1 and FIZZ1 are IL-4Rα/Stat6-dependent genes (42, 46, 50) ; therefore, they serve as functional markers of alternative macrophage activation. Importantly, the findings suggested that when macrophages are exposed to IL-21, they become much more sensitive to the Arg-1-and FIZZ1-inducing activities of IL-4 and IL-13. Arginase activity, as assessed by the production of urea, also increased significantly, confirming IL-21 as an important stimulus for the development of highly functional alternatively activated macrophages. In contrast IL-21 had no effect on the production of TGF-β1 by macrophages. Thus, the profibrotic cytokine TGF-β1 did not appear to be involved, which would be consistent with previous studies that have investigated the role TGF-β1 in schistosomiasis (51) . Instead, we found that IL-21 significantly increased IL-4Rα and IL-13Rα1 expression in bone marrow-derived macrophages and decreased the production of the sIL-13 decoy receptor in vivo, which likely explains their heightened sensitivity to IL-4 and IL-13. As such, these data compliment our in vivo studies with IL-21R -/-mice and suggest that an important function of IL-21R signaling is to enhance the development of alternatively activated macrophages, which have been implicated in the mechanism of fibrosis (46, 52) . Moreover, because alternatively activated macrophages have been shown previously to amplify CD4 + Th2 cell differentiation (53) , these data may also explain the overall reduction in helminth-induced Th2 activity in IL-21R -/-mice.
In human schistosomiasis, the development of fibrotic liver pathology is the principle cause of chronic morbidity and mortality (18, 54) . Because the Th2 cytokine response is known to play an important role in collagen deposition (17) , in a final series of experiments we examined the influence of the IL-21R on the progression of hepatic fibrosis. Notably, development of fibrosis decreased significantly in the IL-21R -/-mice, with the knockout animals displaying a greater than 50% reduction in hepatic fibrosis by week 29 after infection. Importantly, similar findings were also generated when infected WT mice were treated with sIL-21R-Fc. Thus the IL-21R was revealed as a potential new target for antifibrotic therapy. In conclusion, these studies illustrate an essential role for the IL-21R in the progression of Th2 cytokine-mediated disease. As such, the IL-21R should be added to list of important receptors that regulate Th2 immunity and macrophage polarization.
Figure 8
IL-21 signaling promotes alternative macrophage activation by modulating IL-13R expression. Bone marrow-derived macrophages were treated with IL-21 (20 ng/ml), either alone or in combination with IL-4 (20 ng/ml) and IL-13 (20 ng/ml) overnight. In some experiments, macrophages were pretreated with IL-21 for 6 hours prior to IL-4 and IL-13 administration. Cells were lysed 20 hours later, and RNA was analyzed individually by real-time RT-PCR. (A) The ability of IL-21 to promote alternative macrophage activation was assessed by measuring Arg-1 and FIZZ1 mRNA expression. (B) Arginase activity was quantified in cell lysates by measuring the conversion of l-arginine to Urea (mg/dl ± SEM; triplicate measurements). (C) Expression of IL-4Rα and IL-13Rα1 mRNA was evaluated by real-time PCR. IL-13Rα2 mRNA was nearly undetectable in all conditions (not shown). The data shown in A, B, and C are representative of 3 separate experiments. (D) Naive C57BL/6 mice were challenged i.v. with 5,000 live S. mansoni eggs and treated with PBS or recombinant IL-21 (2 mg/dose) every other day from day 1 through day 6. Animals (n = 5 per group) were sacrificed on day 7, and lung IL-13Rα2 mRNA levels were assayed by real-time PCR and expressed as fold increase over untreated controls. Mice were also bled at the time of sacrifice, and the amount of sIL-13Rα2 in individual serum samples was assayed by ELISA. *P < 0.05; **P < 0.01; ***P < 0.001. Similar results were obtained in a separate study.
Arginase activity assay. Bone marrow-derived macrophages were plated at 6 × 10 5 cells/well in 96-well tissue culture plates and stimulated with combinations of IL-4, IL-13, and IL-21. IL-21 was added 6 hours prior to IL-4 or IL-13 stimulation. Following stimulation, cells were washed with PBS and lysed with 0.1% Triton X-100 containing Protease Inhibitor (Roche Diagnostics). Lysates were transferred into a 96-well PCR plate and incubated with 10 mM MnCl2 and 50 mM Tris HCl (pH 7.5) to activate enzyme for 10 minutes at 55°C. After enzyme activation, 25 ml lysate was removed and added to 25 ml 1M arginine (pH 9.7) in a new PCR plate and incubated for 20 hours at 37°C. 5 ml of each sample was added in duplicate to a 96-well ELISA plate along with 5 ml of each standard, diluted in same assay conditions, starting at 100 mg/dl. Urea determination reagent from BioAssay Systems Quantichrom Urea Assay Kit was used according to the manufacturer's protocol.
Statistics. Hepatic fibrosis (adjusted for egg number) decreases with increasing intensity of infection (worm pairs). Therefore, these variables were compared by analysis of covariance, using the logarithm of total liver eggs as the covariate and the logarithm of hydroxyproline content per egg. Variables that did not change with infection intensity were compared by 1-way ANOVA or 2-tailed Student's t test (57) . Changes in cytokine mRNA expression and granuloma size were evaluated using ANOVA. Differences were considered significant at *P < 0.05, **P < 0.01, and ***P < 0.001.
